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Research
Chronic exposure to elevated levels of par-
ticulate matter (PM) air pollution has been 
associated with cardiovascular mortality in 
several studies (Dockery et al. 1993; Hoek 
et al. 2002; Pope et al. 2002). However, 
mechanisms underlying these associations 
have yet to be fully elucidated, and under-
standing how long-term exposure to air pol-
lution may affect cardiovascular health is an 
important public health goal. The primary 
candidate mechanisms (Pope et al. 2004) 
for which some preliminary evidence exists 
include air pollution influencing the devel-
opment of atherosclerotic disease (Künzli 
et al. 2005), increasing vascular stiffness and 
impairing autonomic function (Brook et al. 
2002; Gold et al. 2000), and enhancing pul-
monary and systemic inflammation (Ghio 
et al. 2000; Peters et al. 2001).
Arterial stiffness with increased blood 
pressure may be in the mechanistic pathway 
linking air pollution to cardiovascular risk. 
Arterial stiffness refers to the artery’s capacity 
to expand and contract in response to car-
diac flow (Arnett et al. 1994). The under  lying 
physiological mechanisms for stiffening of 
arteries are both functional and structural 
(Glasser et al. 1997). Functional determinants 
include “neurohumoral influences, such as 
the renin-angiotensin system, the adrener-
gic nervous system, and endothelium-derived 
factors” (Glasser et al. 1997). Structurally, 
elastin in the vessel wall may thin and frac-
ture because of aging and such conditions as 
hypertension and increased collagen deposi-
tion can reduce compliance of the vessel wall 
(Glasser et al. 1997). Other structural influ-
ences include smooth muscle tone or smooth 
muscle cell hypertrophy and cell–cell and 
cell–matrix attachments (Glasser et al. 1997).
Stiffer arteries are linked with higher pulse 
pressure and adverse ventricular remodeling 
(Arnett et al. 1994; O’Rourke and Mancia 
1999; Rowe 1987), which along with hyper-
tension are major risk factors for cardio-
vascular outcomes (Malhotra et al. 2003; 
Meaume et al. 2001). Therefore, various mea-
sures of arterial stiffness predict risk of future 
cardiovascular events (Arnett et al. 1994; Liao 
et al. 1999; Pannier et al. 2005) and are cor-
related with other known cardiovascular risk 
factors (Salomaa et al. 1995).
Arterial stiffness has been related to expo-
sure to tobacco smoke (Tanaka and Safar 
2005), but previous findings have not been 
uniformly consistent (Din-Dzietham et al. 
2000; Kool et al. 1993; Levenson et al. 1987; 
Liang et al. 2001; Mack et al. 2003; Mahmud 
and Feely 2003; Mitchell et al. 2007), and 
results differed according to which measure 
of arterial stiffness was examined (Li et al. 
2005). Although changes in blood pressure 
and vasoconstriction have been associated 
with short-term exposure to outdoor air pol-
lution (Auchincloss et al. 2008; Brook et al. 
2002; Zanobetti et al. 2004), the relationship 
between long-term exposure to ambient pol-
lution and the development of arterial stiff-
ness has not been studied.
We hypothesized that long-term (20-year) 
exposure  to the mass concentrations of air-
borne particles ≤ 2.5 and 10 µm in aero  dynamic 
diameter (PM2.5 and PM10, respectively)would 
be positively associated with three measures of 
current arterial stiffness in adulthood among 
participants of the Multi-Ethnic Study of 
Atherosclerosis (MESA).
Materials and Methods
Study population. Study participants were a 
subset of the 6,814 men and women 44–84 
years of age enrolled in MESA, an ongo-
ing longitudinal study of subclinical ath-
erosclerosis funded by the National Heart, 
Lung and Blood Institute (Bild et al. 2002). 
Participants were free of clinical cardiovascular 
disease at enrollment and were recruited from 
six U.S. field centers: Baltimore, Maryland 
(Johns Hopkins University); Chicago, Illinois 
(Northwestern University); Winston-Salem, 
North Carolina (Wake Forest University); 
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Ba c k g r o u n d: Increased arterial stiffness could represent an intermediate subclinical outcome in 
the mechanistic pathway underlying associations between average long-term pollution exposure and 
cardiovascular events.
oB j e c t i v e: We hypothesized that 20 years of exposure to particulate matter (PM) ≤ 2.5 and 10 μm 
in aerodynamic diameter (PM2.5 and PM10, respectively) would be positively associated with arte-
rial stiffness in 3,996 participants from the Multi-Ethnic Study of Atherosclerosis (MESA) who 
were seen at six U.S. study sites.
Me t h o d s : We assigned pollution exposure during two decades preceding a clinical exam (2000–
2002) using observed PM10 from monitors nearest participants’ residences and PM10 and PM2.5 
imputed from a space-time model. We examined three log-transformed arterial stiffness outcome 
measures: Young’s modulus (YM) from carotid artery ultrasound and large (C1) and small (C2) artery 
vessel compliance from the radial artery pulse wave. All associations are expressed per 10 μg/m3 incre-
ment in PM and were adjusted for weather, age, sex, race, glucose, triglycerides, diabetes, waist:hip 
ratio, seated mean arterial pressure, smoking status, pack-years, cigarettes per day, environmental 
tobacco smoke, and physical activity. C1 and C2 models were further adjusted for heart rate, weight, 
and height. 
re s u l t s: Long-term average particle exposure was not associated with greater arterial stiffness 
measured by YM, C1, or C2, and the few associations observed were not robust across metrics and 
adjustment schemes.
co n c l u s i o n s: Long-term particle mass exposure did not appear to be associated with greater 
  arterial stiffness in this study sample.
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Los Angeles, California (University of 
California–Los Angeles); New York, New 
York (Columbia University); and St. Paul, 
Minnesota (University of Minnesota), as 
described in detail elsewhere (Bild et al. 2002). 
The present analyses used data collected at 
the baseline visit (June 2000–August 2002). 
The study was approved by the relevant insti-
tutional review committees, and participants 
gave informed consent.
Arterial stiffness outcomes. Two noninva-
sive measurement technologies were used on all 
MESA participants during the baseline physi-
cal exam: radial arterial applanation tonometry 
and carotid artery ultrasound. These techniques 
and the parameters calculated from them have 
been validated and used in previous studies 
(Cohn et al. 1995; Gamble et al. 1994).
Arterial applanation tonometry is used to 
assess the form of the pulse wave measured 
at the radial artery (Cohn et al. 1995). The 
waveform, which changes with aging and vari-
ous disease states, is from the pressure wave 
created by the left ventricle’s contraction 
and the second wave reflected back once it 
reaches the small arteries (Duprez et al. 2004). 
From the waveform, using a theoretical model 
of the vasculature [modified Windkessel 
model (O’Rourke et al. 2002)], indices of 
large artery (capacitative) compliance (C1) 
(mL/mmHgv × 10) and small artery (oscilla-
tory) compliance (C2) (mL/mmHg × 100) are 
calculated by extracting the decay component 
of the waveforms and correcting for systemic 
vascular resistance, age, sex, and estimated 
body surface area (Tao et al. 2004).
During the exam, MESA participants 
rested for at least 15 min lying down, and 
after the wrist was stabilized, a sensor (tonom-
eter) was placed over the radial artery for 
20 sec. The identical protocol and equip-
ment (CVProfilor DO-2020 CardioVascular 
System; Hypertension Diagnostics, Inc., 
Eagan, MN, USA) were used at all six centers, 
and blood pressures were taken at the same 
time as the pulse waveform. The waveform 
tracings were averaged into a representative 
waveform, and C1 and C2 were calculated. 
Lower values of C1 and C2 indicate greater 
arterial stiffness (less compliance). C1 and C2 
estimate the systemic arterial compliance. C1 
is more dependent on pressure than is C2, so 
reduced C2 may reflect a change in the struc-
ture or function of the vessel wall and may be 
an earlier marker of disease (Cohn et al. 2004; 
Duprez et al. 2004).
Carotid ultrasound is used to capture 
images of the common carotid artery that are 
used to calculate parameters representing the 
mechanical behavior of the wall of this elastic 
artery. These parameters are intended to reflect 
the artery’s ability to expand in response to 
pulse pressure. Changes in these mechanics 
probably represent alterations in the arterial 
wall. Reduced elasticity of the carotid artery 
has been associated with cardiovascular out-
comes and risk factors in population-based 
studies (Liao et al. 1999; Salomaa et al. 1995).
Carotid ultrasound was performed on 
MESA participants using the same protocol 
in all six sites after they had rested 5 min in a 
quiet semidarkened room. A B-mode ultra-
sound machine (Riley et al. 1992) (Logiq 700 
ultrasound machine; General Electric Medical 
Systems, Milwaukee, WI, USA) was used to 
capture images of the common carotid artery 
by certified sonographers. The ultrasound 
technician placed the transducer on the par-
ticipant’s neck, approximately 1 cm below the 
carotid bulb, in order to capture the images 
(Riley et al. 1992). Images were taken for 
30 sec, and blood pressure measurements were 
made by upper arm automated sphygmoma-
nometer (brachial artery) before and after the 
ultrasound image acquisition. The digitized 
carotid arterial diameter data from the ultra-
sound were then read (in replicate by different 
readers to estimate variability) to obtain average 
diastolic and systolic diameters from as many 
as ten cardiac cycles. The wall thickness meas-
ure  ments were calculated from the B-mode 
images, representing the combined thickness 
of the intima, media, and adventitia (Gamble 
et al. 1994). Readings were performed by read-
ers with no information on the patients or their 
pollution exposure. From these measurements 
and from the mean brachial artery systolic and 
diastolic measurements made before and after 
the ultrasound, Young’s modulus (YM) was 
calculated (Gamble et al. 1994). The YM is a 
measure of elasticity, adjusted for wall thick-
ness, and is defined as “the pressure step per 
square centimeter required for (theoretical) 
100% stretch from resting length” (O’Rourke 
et al. 2002) and calculated using systolic and 
diastolic blood pressure (SBP and DBP, respec-
tively) and the carotid artery diameters from 
the ultrasound data: Δ (SBP – DBP) ×   diastolic 
diameter ÷ (Δ systolic – diastolic diameter 
× wall thickness), expressed as millimeters 
of mercury per centimeter (O’Rourke et al. 
2002). Higher values signify greater arterial 
stiffness. In this sample, YM and another 
measure of carotid artery distensibility, the dis-
tensibility coefficient (Gamble et al. 1994), 
were highly negatively correlated (for the log-
transformed versions: Pearson correlation coef-
ficient = –0.82, p < 0.0001), so we chose to use 
only the YM metric.
Increased arterial stiffness is indicated by 
an increase in YM and decreases in C1 and 
C2. These measures provide complementary 
information in that YM reflects properties 
of the elastic carotid artery and is calculated 
based on a specific measure of diameter and 
pressure. Rather than being direct measures, 
C1 and C2 are intended to reflect properties of 
the entire pools of large and small arteries and 
are calculated using the modified Windkessel 
model of the vasculature (O’Rourke et al. 
2002). YM had low correlations with C1 
(–0.15) and C2 (–0.20).
Air pollution exposure. Average long-term 
exposure to particle mass for MESA partici-
pants was estimated using three metrics that 
were calculated using the complete residen-
tial history that participants provided dur-
ing the two decades preceding the baseline 
clinical exam (2000–2002). We investigated 
a 20-year exposure because arterial stiffness 
may develop progressively over long periods, 
and 20 years was the time period of residential 
history available for the MESA participants. 
Because different measures may have differ-
ent degrees of measurement error, we con-
trasted three metrics of long-term exposure: 
observed PM10 from monitors nearest partici-
pants’ residences, imputed PM10 derived from 
a space–time model, and imputed PM2.5 also 
derived from a space–time model. Observed 
PM10 was derived from community moni-
tors sited for regulatory purposes from the 
U.S. Environmental Protection Agency (EPA)
Aerometric Information Retrieval Service 
(AIRS) database (U.S. EPA 2003). Observed 
PM2.5 could not be estimated because PM2.5 
has been systematically monitored only in 
recent years. Particle monitors collected 24-hr 
integrated samples, some daily but most every 
third day. Participants reported residential 
locations for each month between January 
1982 and the date of the baseline exam, 
including move dates (month and year), and 
average monthly exposures were assigned using 
the nearest monitors with available data on 
the days within each month. The mean dis-
tance to the closest monitor was 9 km (range, 
0.45–51 km); because 51 km is a relatively 
large distance, exposure misclassification may 
be greater for those participants who lived 
farthest from the monitors. An area-under-
the-curve (AUC) measure was computed by 
numerical integration of each monthly average 
of the directly monitored PM10 values.
The imputed cumulative PM2.5 and 
PM10 exposures were derived from a space–
time model using monitored PM; tempera-
ture and airport visibility data from the 
National Climatic Data Center (National 
Oceanic and Atmospheric Administration 
2003); total suspended particle and carbon 
monoxide, sulfur dioxide, nitrogen dioxide, 
and ozone levels from the AIRS network; 
and population density from the 1990 U.S. 
Census (Raghunathan et al. 2006). Spatial 
effects were modeled with thin plate splines, 
and time effects were modeled with trend, 
cyclic, and autoregressive terms. Monthly PM 
exposure was multiply imputed (40 imputa-
tions) for each month and each location rep-
resented in the residential history data using 
the nationwide exposure surface created from O’Neill et al.
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the space–time model. These data sets, created 
using multiple imputation, were combined 
for single cumulative imputed 20-year expo-
sures to PM2.5 and PM10 for each participant, 
represented by an AUC. Further details are 
provided elsewhere (Diez-Roux et al. 2008). 
Multiple imputation was performed using the 
space–time model to improve the validity of 
the estimates (Raghunathan et al. 2006).
To facilitate comparisons with other air 
pollution studies published with MESA data 
(Diez-Roux et al. 2008), we also investigated 
associations of the outcomes with the mean 
annual concentrations of PM10 and PM2.5 
during 2001, using the closest monitor. In sen-
sitivity analyses, associations of long-term expo-
sures were also investigated after adjustment 
for recent exposures. This was accomplished by 
taking the difference between both the mean 
PM2.5 and PM10 concentrations for the week 
before the baseline examination, based on the 
closest population-based monitor to the resi-
dential address, and the long-term (20-year) 
exposures for each participant and including 
that difference value as a term in the model. 
The coefficient for the new difference variable 
represents the short-term exposure effects, and 
the coefficient for the long-term exposure rep-
resents the long-term exposure effect, control-
ling for short-term exposure.
Other covariates. At the MESA base-
line exam, height, weight, and waist and hip 
circumference were measured using standard 
procedures. Resting seated blood pressure 
was measured with an automated oscillomet-
ric sphygmomanometer (Dinamap PRO 100; 
Critikon, Tampa, FL, USA). Mean arterial pres-
sure (MAP) was calculated from SBP and DBP 
as [(2 × DBP) + SBP] ÷ 3. Fasting blood glucose 
and triglycerides were also measured with stan-
dard methods. Diabetes was defined as fasting 
blood glucose of ≥ 126 mg/dL or use of a dia-
betes medication (insulin or oral hypoglycemic 
agents), and impaired glucose tolerance as fast-
ing blood glucose between 100 and 125 mg/dL. 
Participants provided detailed information on 
personal characteristics: sex, age, race/ethnicity, 
cigarette-smoking status at the day of the exami-
nation (never, former, current), pack-years and 
cigarettes per day if ever smoked, and diabetes 
status. They were also asked to report on expo-
sure (hours per week) to environmental tobacco 
smoke (ETS) in the year before the examination 
(i.e., being in “close quarters” with a person who 
smoked at home, at work, in a car). Physical 
activity was reported as total of light, moderate, 
and vigorous activity per week.
Statistical approach. In the initial analyses, 
we calculated correlations between air pol-
lutant metrics; after examining distributional 
statistics, all three arterial stiffness outcome 
variables were log-transformed for the analysis.
We chose several covariates a priori based 
on previously reported associations with 
arterial stiffness and first-fit linear regressions 
that assessed all covariate relations with the 
outcome variables, not including the air pol-
lutant metrics. We then used random effects 
regression models (with a random intercept for 
each site) to examine associations between our 
three air pollution exposures (observed PM10, 
imputed PM10, and imputed PM2.5) and three 
arterial stiffness outcome variables (YM, C1, 
and C2) in three progressive steps. The first 
model included the air pollution exposure and 
weather and season (see below) with no other 
covariates; the second adjusted for age, sex, 
and race; and the third included all additional 
covariates [fasting blood glucose, triglycerides, 
diabetes, MAP, cigarette-smoking status, pack-
years, cigarettes per day (for current smokers), 
ETS, waist:hip ratio, and physical activity]. 
MAP was included because it had a more con-
sistent association with arterial stiffness in a 
literature review than did other blood pres-
sure parameters. Models examining C1 and C2 
were also adjusted for heart rate, weight, and 
height, because these variables are used in the 
algorithm to calculate the C1 and C2 param-
eters, and adjusting for them allows isolation 
of the arterial compliance effect.
Because of the differing climate regions 
in which MESA sites are found, control for 
weather and season was accomplished fol-
lowing an approach previously applied in 
this cohort (Park et al. 2010). We included 
interaction terms between site and splines 
with 3 degrees of freedom for apparent tem-
perature (a construct of dew point and tem-
perature that better reflects the physiological 
experience of weather) to the models, because 
the shape of the spline could have differed 
according to site. To remove any further 
residual confounding by season, we included 
indicator variables to represent months with 
average monthly temperatures above 10°C 
(50°F) during the baseline recruitment period 
(all year for Los Angeles; May to October for 
Chicago and St. Paul; and April to October 
for the remaining three sites).
We fit regression models pooled across 
sites with a random effect for study site because 
a) there were site-specific quantitative differ-
ences in the mean and range of our outcome 
measures and possibly within-site correlations in 
outcomes due to unmeasured site-level factors; 
b) pollutant concentrations, mix, and composi-
tion can differ greatly by location, and we used 
a particle-mass metric and not composition 
data; and c) there was some evidence of hetero-
geneity by site (p-values for site by pollution 
interactions were 0.04, 0.05, and 0.22 for YM, 
C1, and C2, respectively). The fixed effect coeffi-
cient for the PM exposure was used to estimate 
associations of PM with the outcomes pooled 
across the six study sites. However, in sensitivity 
analyses, we also examined site-specific results 
because of the possibility of heterogeneity across 
sites in the associations (because of differential 
particle composition or other sources of hetero-
geneous effects), although these analyses are 
limited by sample size and by reduced variabil-
ity in exposures within sites.
To assess nonlinearity of the association 
between pollution and the three outcomes, we 
fit generalized additive models to site-stratified 
data and plotted adjusted associations by each 
of the six MESA sites. No evidence for non-
linearity was found, so linear terms for the 
pollution variables were used in all models. 
We followed a similar approach to model the 
association with continuous age and pack-
years (with pooled data from all sites), but 
there was no evidence for a nonlinear effect 
of age or pack-years, so linear terms for these 
variables were retained in the models.
Table 1. Demographic and clinical charac-
teristics and tobacco smoke exposure for partici-
pants included in the analyses (n = 3,996): MESA, 
2000–2002. 
Characteristic
Mean ± SD 
or percent
Demographic characteristics
Age (years)  61.84 ± 10.01
Women (%) 52.1
Race/ethnicity (% distribution)
Caucasian 43
Chinese 7.7
African American 27.9
Hispanic 21.4
Study site (% distribution)
Baltimore 14
Chicago 18.8
Winston-Salem 18
Los Angeles 17.1
New York City 14.4
St. Paul 17.6
Tobacco smoke exposure
Smoking status (% distribution)
Never 49.5
Former 38
Current 12.5
ETS exposurea (% distribution)
None 63.4
≥ 1 hr/week 36.6
Pack-years of cigarette (packs/day × year) 11.4 ± 20.7
Cigarettes/dayb  1.6 ± 5.7
Reported total physical activityc 
Low 25.6
Medium 50.2
High 24.2
Clinical characteristics
 Waist:hip ratio  0.93 ± 0.08
 Weight (kg)  79.7 ± 16.9
 Height (cm)  167.0 ± 10.0
 Heart rate (beat/min)   62.9 ± 9.6
 Fasting glucose (mg/dL)  103.3 ± 28.2
 Triglycerides (mg/dL)  131.9 ± 86.4
 MAP (mmHg)  95.8 ± 13.3
Diabetes (% distribution)
None 59.6
Impaired glucose (mg/dL) 27.3
Diabetes 13.1
aAsked only of never or former smokers. bAsked only of 
current smokers. cLow, 9.1 hr/day; medium, 9.1–15.5 hr/day; 
high, > 15.5 hr/day.Air pollution and arterial stiffness in MESA
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We examined potential effect modifica-
tion by body mass index (BMI), waist:hip 
ratio, diabetes, physical activity, age, sex, 
and race/ethnicity in fully adjusted models 
by including the corresponding multiplica-
tive interaction term(s). Important differences 
in the process of aging and the develop-
ment of arterial stiffness have been noted by 
sex (Smulyan et al. 2001), and associations 
between air pollution and heart rate variability 
have differed by race and ethnicity (Liao et al. 
2004). The other variables have been markers 
of differential vulnerability to air pollution in 
other studies. We defined effect modification 
as present if the p-value for the interaction 
term was < 0.05. Because of the importance 
of tobacco-smoke exposure, we also stratified 
the population according to smoking status 
(never, former, and current), as well as among 
nonsmokers not exposed to second-hand 
smoke (interaction terms or stratified), and fit 
fully adjusted random effects models to these 
subsets. We also conducted a sensitivity analy-
sis restricting the models to participants for 
whom the nearest monitor was within 10 km.
Regression results are reported as percent 
differences in the outcome variables at the 
baseline exam [100 × (exponentiated mean 
difference – 1)] associated with a 10-µg/m3 
increase in particle exposure. We performed 
the analyses using the SAS statistical package 
(version 9.2.1; SAS Institute, Inc., Cary, NC). 
Statistical significance was defined as p < 0.05.
Of the 6,814 participants enrolled in 
MESA, 5,286 had complete data on the 
outcome and clinical covariates used for the 
analyses and had completed the single resi-
dential history questionnaire covering expo-
sure during 1982–2002. Of these, 4,570 had 
latitudes and longitudes available for all resi-
dential addresses between August 1982 and 
August 2002 and thus complete data on the 
average long-term exposures. Of these, three 
were excluded because of reporting pack-years 
of smoking greater than 200. Restricting to 
participants who had data for weather and 
season yielded a total of 3,996 participants 
for analysis with complete information on all 
covariates and all outcomes.
Results
Table 1 shows the demographic and clini-
cal characteristics of the sample. The aver-
age age of participants in the study sample 
was 62 years, and a little more than half were 
women. About half the participants had ever 
smoked, and about 36% reported any ETS 
exposure. No important differences in key 
characteristics existed between the analysis 
sample and the full MESA cohort (n = 6,814; 
data not shown). The study sample had fewer 
Chinese and Hispanic participants than did 
the full cohort (which had 11.8% and 22% 
of these ethnicities) because many in these 
groups were recent immigrants whose average 
long-term exposure could not be estimated. 
Correlations among all three arterial stiff-
ness variables were –0.26 and –0.17 between 
YM and C1 and C2, respectively, and 0.48 
between C1 and C2 (all p < 0.0001). Clinical 
measures were consistent with expectation.
Table 2 shows the pollution levels and 
outcome variables by site. Los Angeles had the 
highest mean pollution levels, and Winston-
Salem and St. Paul had the lowest. For the 
pollution levels estimated in the two decades 
before the MESA baseline exam, the imputed 
and directly observed PM10 levels are compa-
rable, with the imputed levels slightly lower 
on average than the observed. Measures of 
arterial stiffness differed by study site: They 
were most unfavorable (higher for YM, lower 
for C1 and C2) in New York City (YM), 
Baltimore (C1), and Winston-Salem (C2).
In the multivariable linear regression mod-
els that did not include the pollutant values 
(Table 3), age was associated with stiffer arter-
ies, and women had stiffer arteries than did 
men for all three measures of stiffness exam-
ined. Chinese, Hispanic, and African American 
participants tended to have stiffer arteries than 
did Caucasians based on YM and C2, but we 
observed the opposite for C1, although dif-
ferences were sometimes not statistically 
significant. YM was lower in former and cur-
rent smokers than in never smokers, which 
indicated less stiff arteries. However, current 
smoking was associated with greater arterial 
stiffness as assessed by C2. Smoking status was 
not associated with stiffness as assessed by C1. 
Exposure to ETS and smoking exposure repre-
sented by pack-years were not associated with 
increased arterial stiffness for any of the out-
come variables. Associations of smoking status 
and pack-years with the outcomes were gener-
ally similar when both variables were not simul-
taneously in the same model. Greater MAP 
was associated with greater stiffness by all three 
measures. Physical activity was not significantly 
associated with any of the outcomes, nor was 
diabetes status, glucose, or triglycerides.
In all of the models, including those 
adjusted for all covariates (for which none 
of the variance inflation factors exceeded 3), 
average long-term exposure to PM10 was not 
associated with greater arterial stiffness meas-
ured by YM (Table 4). The same was true for 
the compliance outcomes C1 and C2 at all 
sites. The 2001 nearest-monitor average PM10 
and PM2.5 were also not associated with the 
outcomes for any of the sites.
We then took study site into consider-
ation. Patterns of association calculated for the 
six sites in site-stratified models were generally 
consistent with no associations for all pollu-
tion metrics and covariate adjustment schemes 
(Tables 5,6). Although a scattering of associa-
tions were significant, they were not robust to 
the covariate adjustments for all the models.
Analyses with adjustment for shorter term 
PM exposure did not alter the patterns in 
the observed associations (data not shown). 
Analyses restricted to participants residing 
within 10 km of the nearest monitor (n = 
2,518) were consistent with the analysis of the 
complete data set (data not shown).
We examined heterogeneity by BMI, 
waist:hip ratio, diabetes, physical activity, 
sex, race/ethnicity, and age in fully adjusted 
models. Race had significant interaction terms 
for YM and C1 and diabetes for C1 and C2. 
None of the other variables showed evidence 
of effect modification.
We fitted fully adjusted random effects 
models stratified by race and diabetes for the 
outcomes for which interaction terms were 
significant. Among black participants, the 
percent difference in YM with a 10-µg/m3 
Table 2. Long-term PM exposure and outcomes (mean ± SD) averaged across all sites and by individual site for participants included in the analyses (n = 3,996): 
MESA, 2000–2002.
Outcome Pooled Winston-Salem New York City Baltimore St. Paul Chicago Los Angeles
Arterial stiffness outcomes n = 3,996 n = 720 n = 575 n = 560 n = 705 n = 753 n = 683
YM (mmHg/cm) 1277.5 ± 637.7 1221.5 ± 643.82 1364.9 ± 748.89 1263.9 ± 619.93 1197.8 ± 430.23 1341.4 ± 538.37 1285.9 ± 791.34
C2 (mL/mmHg × 10) 13.51 ± 5.44 13.63 ± 5.48 13.48 ± 4.96 12.30 ± 5.02 13.71 ± 5.06 14.47 ± 6.00 13.16 ± 5.61
C1 (mL/mmHg × 100) 4.54 ± 2.80 4.14 ± 2.52 4.37 ± 2.68 4.37 ± 2.58 5.55 ± 3.08 4.57 ± 2.92 4.17 ± 2.68
PM exposures in preceding 20 years (average)
Observed PM10
a 34.21 ± 7.07 28.43 ± 1.90 31.52 ± 3.10 32.82 ± 1.31 29.41 ± 2.60 35.00 ± 2.57 47.78 ± 3.65
Imputed PM10
b 33.84 ± 7.10 28.56 ± 1.74 32.28 ± 2.04 31.82 ± 1.41 27.17 ± 2.39 35.79 ± 2.78 47.10 ± 3.43
Imputed PM2.5
b 21.47 ± 5.00 19.04 ± 2.58 21.67 ± 2.86 22.56 ± 2.52 15.12 ± 2.84 23.82 ± 3.29 26.94 ± 4.72
PM exposures in 2001 (yearly average)c 
PM10 29.73 ± 7.63 22.87 ± 1.16 26.34 ± 7.88 25.72 ± 2.45 28.95 ± 2.60 30.38 ± 3.57 43.20 ± 2.48
PM2.5 16.80 ± 3.90 15.25 ± 0.68 15.73 ± 1.11 15.66 ± 0.95 12.81 ± 0.75 17.06 ± 1.01 24.09 ± 3.28
aAverage AUC of observed PM10 from nearest monitor for previous 20 years. bMean of 40 imputed values from space–time model. cYearly average PM from nearest monitor during 2001.O’Neill et al.
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increase in nearest-monitor PM10 was 14.8% 
[95% confidence interval (CI), 1.3–30.2%] 
and with a 10-µg/m3 increase in imputed 
PM10 was 16.9% (95% CI, 1.9–34.1%). 
CIs for corresponding estimates for the other 
race/ethnic groups did not include the point 
estimates for blacks for these metrics, except 
for Chinese participants and nearest-monitor 
PM10 (1.2%; 95% CI, –10.9% to 15.0%). 
We observed no significant associations for 
YM in other race/ethnic groups; in general, 
the point estimates of effect were lowest 
for Hispanics for YM for all three metrics. 
For C1, white participants had a significant 
positive association with imputed PM2.5 
(4.4%; 95% CI, 0.2–8.9%), and Chinese par-
ticipants, for imputed PM10 (13.5%; 95% CI, 
3.5–24.4%). We observed no other consistent 
patterns of point estimates by race/ethnicity. 
For diabetes-stratified analyses, patterns of 
association were inconsistent when compar-
ing pollution metrics and outcomes, with two 
positive and one negative significant associa-
tion among those with no diabetes and those 
with impaired glucose tolerance, respectively.
For the results stratified by smoking sta-
tus, we found only two significant associa-
tions. Among the 1,519 former smokers, C1 
was associated with both observed –8.9% 
(95% CI, –16.4% to –0.7%) and imputed 
–8.9% (95% CI,–16.8% to –0.4%) PM10. 
No other associations were significantly dif-
ferent from zero, and point estimates showed 
no consistent trends by smoking status.
Discussion
Higher estimated long-term particulate mass 
exposure was not consistently associated with 
greater arterial stiffness among MESA partici-
pants. For the few arterial stiffness outcomes that 
showed associations with air pollution exposure 
when examining subgroups by race, diabetes, 
or smoking status, we found no consistent pat-
tern across all three particle exposure metrics 
or adjustment schemes, suggesting that chance 
may explain these findings. For the pulse-wave 
outcomes, increased long-term exposure to PM 
was not associated consistently or significantly 
with lower arterial compliance as represented by 
C1 (large artery compliance) or C2 (small artery 
compliance). These results do not support our 
hypothesis that long-term PM mass exposure is 
associated with greater stiffness.
A strength of this study was the simultane-
ous use of multiple subclinical markers of arte-
rial stiffness. These measures could be used in 
Table 4. Percent difference (95% CI) in three arterial stiffness outcomes per 10-µg/m3 PM increment in preceding two decades and 2001 PM exposure under 
various covariate adjustment schemes: MESA, 2000–2002. 
PM exposure in preceding two decades 2001 PM exposure
Outcome/covariates Observed PM10 Imputed PM10  Imputed PM2.5 PM10 PM2.5
YM
PM (weather/season only)a  3.5 (–2.5 to 9.8) 5.2 (–0.3 to 11.0) 0.4 (–3.6 to 4.6) –0.2 (–0.8 to 0.4) –0.8 (–1.4 to –0.3)
Add age, sex, race 2.3 (–3.5 to 8.6) 3.2 (–2.4 to 9.1) –0.8 (–4.7 to 3.2) 0.0 (–0.5 to 0.5) –0.5 (–1.1 to 0.0)
All covariatesb  1.6 (–3.8 to 7.3) 3.1 (–1.9 to 8.3) –1.4 (–5.1 to 2.4) 0.0 (–0.5 to 0.5) –0.5 (–1.1 to 0.0)
C1 
PM (weather/season only)a 2.7 (–2.4 to 8.1) 0.7 (–5.0 to 6.7) –0.2 (–3.0 to 2.6) –0.2 (–0.6 to 0.3) –0.6 (–1.5 to 0.2)
Add age, sex, race 2.9 (–1.6 to 7.7) 2.6 (–2.2 to 7.7) 1.7 (–0.9 to 4.3) –0.2 (–0.5 to 0.2) 0.0 (–0.8 to 0.8)
All covariatesb  2.9 (–1.8 to 7.7) 2.6 (–2.3 to 7.8) 1.5 (–1.0 to 4.1) –0.2 (–0.5 to 0.2) 0.0 (–0.8 to 0.8)
C2 
PM (weather/season only)a –1.8 (–6.9 to 3.5) –3.9 (–9.6 to 2.1) –3.7 (–8.0 to 0.8) 0.3 (–0.3 to 0.8) 0.6 (–0.2 to 1.4)
Add age, sex, race –3.3 (–8.0 to 1.6) –1.4 (–6.5 to 3.9) –0.7 (–4.6 to 3.3) 0.1 (–0.4 to 0.6) 0.2 (–0.6 to 1.0)
All covariatesb  –3.6 (–8.2 to 1.3) –1.5 (–6.5 to 3.8) –1.2 (–5.0 to 2.7) 0.1 (–0.3 to 0.5) 0.2 (–0.6 to 1.0)
Regression results are reported as percent differences (95% CIs) in outcome variables [100 × (exponentiated mean difference – 1)] for each metric and outcome, pooled over all study 
sites using random effects regression. A positive point estimate for YM indicates greater arterial stiffness with higher exposure; a negative point estimate for C1 and C2 indicates 
reduced compliance with higher exposure. PM levels are from the nearest monitor or space–time model (see Table 2).
aWeather and season terms included in all models: apparent temperate spline with 3 degrees of freedom, interacted with site; and indicator variables to represent months with average 
monthly temperature above 10°C (50°F) during baseline recruitment period (all year for Los Angeles; May–October for Chicago and St. Paul; April–October for remaining three sites). 
bAll covariates for YM are age, sex, race, fasting blood glucose, triglycerides, diabetes, seated MAP, smoking status, pack-years, cigarettes per day, ETS exposure, physical activities, 
waist:hip ratio, season, and weather. For C1 and C2, in addition, height, weight, and heart rate were included.
Table 3. Percent difference (95% CI) in three arterial stiffness outcomes, not adjusted for pollution 
(n = 3,996): MESA, 2000–2002.
Covariate YM C1 C2
Age (10 years) 7.1 (5.6 to 8.7) –11.3 (–12.2 to –10.4) –16.5 (–17.8 to –15.2)
Males –11.1 (–13.6 to –8.6) 11.4 (8.5 to 14.3) 20.9 (16.0 to 25.9)
Race/ethnicity
Caucasian Reference Reference Reference
Chinese 9.7 (3.9 to 15.8) 7.7 (3.7 to 11.9) –4.3 (–9.8 to 1.4)
African American 3.2 (–0.2 to 6.7) 4.9 (2.6 to 7.2) –8.9 (–12.0 to –5.7)
Hispanic 6.7 (2.8 to 10.6) 2.1 (–0.5 to 4.8) –4.2 (–7.9 to –0.2)
Glucose (mg/dL)  0.3 (–1.0 to 1.5) 0.6 (–0.2 to 1.5) –1.3 (–2.5 to 0.0)
Triglycerides/10 (mg/dL) 2.0 (–1.0 to 5.0) –0.6 (–2.5 to 1.4) –1.9 (–4.7 to 1.1)
Diabetes
Never 2.0 (–1.2 to 5.4) –2.1 (–4.2 to 0.0) –1.2 (–4.4 to 2.2)
Impaired glucose (mg/dL) –1.3 (–7.0 to 4.7) –6.7 (–10.2 to –3.0) 2.1 (–3.9 to 8.5)
Diabetes Reference Reference Reference
MAP/10 6.7 (5.6 to 7.8) –11.2 (–11.8 to –10.6) –15.0 (–15.9 to –14.1)
Smoking status
Never Reference Reference Reference
Former –3.7 (–6.8 to –0.5) 1.4 (–0.7 to 3.7) –1.0 (–4.3 to 2.4)
Current –13.1 (–18.4 to –7.5) –1.7 (–5.6 to 2.4) –12.7 (–18.1 to –7.0)
Pack-years/10 0.3 (–0.6 to 1.1) –0.3 (–0.8 to 0.3) –1.3 (–2.2 to –0.5)
Cigarettes/day/10 0.5 (–3.3 to 4.4) 0.0 (–2.5 to 2.5) –1.6 (–5.3 to 2.3)
Any ETS exposure 1.5 (–1.4 to 4.4) 0.0 (–1.8 to 1.9) –2.9 (–5.7 to 0.0)
Waist:hip ratio 24.9 (3.9 to 50.1) 5.4 (–7.6 to 20.2) –30.5 (–43.4 to –14.8)
Physical activitya
Low Reference Reference Reference
Medium 0.8 (–2.5 to 4.1) –1.3 (–3.4 to 0.9) 1.7 (–1.6 to 5.2)
High 0.4 (–3.4 to 4.4) –3.1 (–5.5 to –0.6) 0.4 (–3.5 to 4.5)
Heart rate/10b (beats/min) –8.5 (–9.4 to –7.7) –0.7 (–2.1 to 0.7)
Weight/10b (kg) 1.4 (1.0 to 1.7) 4.0 (3.5 to 4.5)
Height/10b (cm) 9.9 (8.3 to 11.5) 8.9 (6.4 to 11.3)
Regression results reported as percent difference (95% CI) in the outcome variables [100 × (exponentiated mean differ-
ence – 1)]. Positive association with YM indicates greater arterial stiffness; negative association with C1 and C2 indicates 
reduced compliance; associations are adjusted for all other variables in the table.
aPhysical activity was based on total min/day: low represents lowest quartile of reported activity, medium refers to the 
25–75th percentiles, and high was the highest quartile. bHeart rate, weight, and height were adjusted only for outcomes 
C1 and C2; this adjustment allowed the isolation of the arterial compliance effect. Air pollution and arterial stiffness in MESA
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other studies that examine risk factors for arte-
rial stiffness. Several different indices, derived 
from noninvasive physiological measurements, 
and referred to as compliance, distensibility, and 
elasticity, have been used to characterize differ-
ent aspects of stiffness in large and small arteries, 
as discussed in recent reviews (Oliver and Webb 
2003; O’Rourke and Mancia 1999; O’Rourke 
et al. 2002). Ultrasound-assessed arterial disten-
sibility measures the relative diameter change in 
a vessel for a given pressure increment. Indirect 
stiffness indicators include pulse-wave–derived 
meas  ures such as large- and small-artery elastic-
ity indices as well as systemic vascular resistance. 
Using several measures in arteries of differing 
structures and sizes can provide an overall sense 
of arterial characteristics in any given individual 
(O’Rourke and Mancia 1999).
Tobacco smoke exposure is an important 
analogy to ambient PM, given similarities 
between tobacco smoke and ambient particle 
pollution (Hinds 1978). In this cohort, former 
and current smoking status was associated with 
reduced arterial stiffness as represented by YM, 
consistent with a previous analysis in MESA 
participants (Sharrett et al. 2006), but current 
smoking was associated with more arterial stiff-
ness as measured by C2. Pack-years of smok-
ing and ETS exposure were weakly associated 
with greater stiffness, but associations were 
statistically significant only for C2. Previous 
studies (Din-Dzietham et al. 2000; Kool et al. 
1993; Levenson et al. 1987; Li et al. 2005; 
Liang et al. 2001; Mack et al. 2003; Mahmud 
and Feely 2003; Mitchell et al. 2007; Simons 
et al. 1998; Stefanadis et al. 1998) have shown 
conflicting results with respect to the asso-
ciation between smoking and arterial stiff-
ness. Notably, self-reported ETS exposure 
was linked with increased arterial stiffness, 
in a dose-dependent manner, although only 
among people with high BMI and increased 
carotid intima-media thickness, in a cross-
sectional study of 227 healthy, nonsmoking 
adults from the Vitamin E Atherosclerosis 
Table 5. Percent difference (95% CI) in three arterial stiffness outcomes per 10-µg/m3 increment in long-term PM exposure under various covariate adjustment 
schemes, stratified by study site: MESA, 2000–2002. 
Outcome and 
  covariates 
YM C1 C2
PM10 Imputed  
PM2.5
PM10 Imputed  
PM2.5
PM10 Imputed  
PM2.5 Observed Imputed Observed Imputed Observed Imputed
New York (n = 575)
PM (weather/season 
only)a
–3.4
(–10.2 to 3.8)
–0.6
(–11.0 to 10.9)
–0.4
(–7.8 to 7.6)
2.2
(–10.0 to 16.0)
7.9
(–10.9 to 30.7)
–4.4
(–16.5 to 9.5)
–4.7
(–15.2 to 7.1)
1.6
(–14.9 to 21.4)
3.7
(–8.6 to 17.8)
Add age, sex, race 1.3
(–5.9 to 9.0)
2.1
(–7.7 to 12.9)
2.1
(–5.0 to 9.6)
5.0
(–8.2 to 20.0)
12.3
(–6.5 to 34.9)
–2.2
(–14.1 to 11.3)
–0.4
(–12.1 to 12.9)
0.4
(–15.4 to 19.1)
0.5
(–11.1 to 13.6)
All covariatesb  1.4
(–5.9 to 9.2)
2.0
(–7.9 to 13.0)
1.6
(–5.4 to 9.2)
5.8
(–7.3 to 20.8)
13.0
(–5.8 to 35.5)
–4.2
(–15.7 to 9.0)
–0.4
(–11.9 to 12.6)
6.0
(–10.5 to 25.4)
–0.6
(–11.8 to 12.0)
Chicago (n = 753)
PM (weather only)a 2.3
(–7.9 to 13.7)
6.1
(–3.8 to 17.1)
4.1
(–4.2 to 13.0)
4.3
(–4.5 to 13.9)
–6.5
(–13.9 to 1.6)
0.7
(–6.1 to 7.9)
–8.2
(–20.4 to 6.0)
–19.7
(–29.7 to –8.2)
–9.5
(–19.2 to 1.3)
Add age, sex, race 0.0
(–9.9 to 11.0)
6.3
(–4.1 to 17.8)
4.8
(–3.5 to 13.7)
1.8
(–6.6 to 10.9)
–0.7
(–8.8 to 8.1)
4.3
(–2.6 to 11.6)
–9.6
(–21.0 to 3.4)
–5.5
(–17.4 to 8.0)
–2.7
(–12.6 to 8.3)
All covariatesb  –1.3
(–10.9 to 9.3)
4.9
(–5.2 to 16.1)
4.9
(–3.4 to 13.8)
2.0
(–6.4 to 11.2)
–0.8
(–8.9 to 8.1)
3.2
(–3.7 to 10.6)
–9.1
(–20.5 to 4.0)
–4.1
(–16.1 to 9.6)
–2.6
(–12.6 to 8.5)
Winston-Salem (n = 720)
PM (weather/season 
only)a
–4.0
(–20.0 to 15.2)
–8.6
(–25.0 to 11.4)
–3.1
(–15.2 to 10.8)
11.5
(0.0 to 24.3)
5.3
(–6.5 to 18.6)
1.0
(–6.8 to 9.4)
–7.0
(–21.2 to 9.9)
–9.5
(–24.5 to 8.5)
–0.7
(–12.2 to 12.3)
Add age, sex, race 4.3
(–12.6 to 24.4)
–8.5
(–24.3 to 10.6)
–5.1
(–16.5 to 7.9)
5.6
(–4.3 to 16.6)
2.1
(–8.2 to 13.6)
0.6
(–6.4 to 8.1)
–15.3
(–27.6 to –1.0)
–11.9
(–25.6 to 4.3)
0.3
(–10.5 to 12.5)
All covariatesb  1.9
(–14.2 to 21.2)
–8.7
(–24.1 to 9.8)
–5.0
(–16.2 to 7.8)
5.0
(–4.9 to 16.0)
2.0
(–8.3 to 13.5)
–0.5
(–7.5 to 7.0)
–13.9
(–26.3 to 0.7)
–11.1
(–24.8 to 5.0)
1.7
(–9.3 to 13.9)
St. Paul (n = 705)
PM (weather/season 
only)a
0.0
(–9.6 to 10.7)
2.4
(–8.2 to 14.3)
–5.5
(–13.8 to 3.6)
4.8
(–2.9 to 13.1)
8.4
(–0.2 to 17.8)
–2.5
(–9.0 to 4.5)
–4.6
(–15.5 to 7.9)
3.4
(–9.4 to 18.0)
–4.5
(–14.5 to 6.7)
Add age, sex, race –3.8
(–12.9 to 6.2)
–0.7
(–10.8 to 10.6)
–5.3
(–13.4 to 3.6)
4.9
(–1.9 to 12.2)
4.4
(–2.9 to 12.2)
–0.1
(–6.0 to 6.1)
–3.4
(–13.6 to 7.9)
–1.2
(–12.4 to 11.4)
–1.4
(–10.8 to 9.0)
All covariatesb  –6.6
(–15.3 to 3.0)
–2.6
(–12.4 to 8.4)
–5.7
(–13.7 to 3.0)
5.1
(–1.8 to 12.5)
4.0
(–3.3 to 11.9)
–0.4
(–6.3 to 6.0)
–3.8
(–13.9 to 7.5)
–2.3
(–13.3 to 10.1)
–3.0
(–12.2 to 7.2)
Los Angeles (n = 683)
PM (weather/season 
only)a
9.8
(–0.6 to 21.2)
6.2
(–4.4 to 18.0)
0.8
(–6.7 to 8.7)
7.6
(1.1 to 14.6)
6.9
(0.0 to 14.3)
0.5
(–4.2 to 5.5)
3.4
(–5.9 to 13.6)
2.3
(–7.5 to 13.1)
1.5
(–5.6 to 9.1)
Add age, sex, race 5.3
(–5.2 to 16.9)
1.2
(–9.0 to 12.5)
–1.6
(–8.5 to 5.9)
4.4
(–1.9 to 11.1)
5.2
(–1.2 to 12.1)
1.5
(–2.8 to 6.0)
–2.6
(–11.3 to 7.0)
–0.9
(–9.9 to 8.9)
2.7
(–3.8 to 9.6)
All covariatesb  5.5
(–4.8 to 17.0)
1.1
(–8.9 to 12.2)
–2.2
(–8.9 to 5.1)
4.4
(–2.0 to 11.2)
5.2
(–1.3 to 12.1)
1.2
(–3.2 to 5.7)
–4.3
(–12.8 to 5.0)
–3.3
(–12.0 to 6.1)
1.3
(–5.0 to 8.0)
Baltimore (n = 560)
PM (weather/season 
only)a
33.3
(–0.6 to 78.8)
22.5
(–6.7 to 60.8)
–3.9
(–17.4 to 11.8)
–21.2
(–34.5 to –5.4)
–15.6
(–28.8 to 0.1)
–3.8
(–12.5 to 5.8)
5.7
(–19.8 to 39.4)
16.0
(–10.2 to 49.9)
–8.9
(–21.0 to 5.1)
Add age, sex, race 30.5
(–2.8 to 75.4)
19.0
(–9.8 to 57.0)
–3.3
(–16.6 to 12.0)
–18.8
(–32.0 to –3.1)
–11.7
(–25.2 to 4.2)
–2.3
(–10.6 to 6.8)
24.6
(–4.5 to 62.5)
38.0
(7.8 to 76.6)
–5.9
(–17.6 to 7.4)
All covariatesb  40.6 
(5.2 to 87.9)
24.2 
(–5.4 to 63.0)
–6.1 
(–18.8 to 8.5)
–17.1 
(–30.9 to –0.7)
–12.4 
(–26.0 to 3.7)
–1.1 
(–9.6 to 8.2)
28.1 
(–2.0 to 67.4)
37.7 
(7.4 to 76.5)
–3.9 
(–15.9 to 9.9)
Regression results are reported as percent differences (95% CI) in outcome variables [100 × (exponentiated mean difference – 1)]. A positive point estimate for YM indicates greater 
arterial stiffness with higher exposure; a negative point estimate for C1 and C2 indicates reduced compliance with higher exposure. PM levels are from nearest monitor or space–time 
model (see Table 2).
aWeather and season terms included in all models: apparent temperate spline with 3 degrees of freedom; and indicator variables to represent months with average monthly tempera-
ture above 10°C (50°F) during baseline recruitment period (all year for Los Angeles, May–October for Chicago and St. Paul, April–October for remaining three sites).
bAll covariates for YM are age, sex, race, fasting blood glucose, triglycerides, diabetes, seated MAP, smoking status, pack-years, cigarettes per day, ETS exposure, physical activities, 
waist:hip ratio, season, and weather. For C1 and C2, height, weight, and heart rate also were included.O’Neill et al.
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Prevention Study (Mack et al. 2003). In other 
studies, long-term smoking behavior in 185 
younger, otherwise healthy subjects was also 
associated with greater arterial stiffness, as 
measured by increased aortic SBP and aug-
mentation index and reduced aortic-brachial 
pulse pressure amplification (Mahmud and 
Feely 2003). Among 145 nonsmokers and 
142 smokers from the Bogalusa Heart Study 
(mean age, 36 years), smoking was associated 
with impaired small artery compliance and 
increased systemic vascular resistance as deter-
mined from waveforms taken in the radial 
artery (Li et al. 2005). Other research in a 
population of generally healthy adults 45–64 
years of age from the Atherosclerosis Risk in 
Communities cohort showed no association 
with pulsatile arterial diameter change in the 
carotid artery (Din-Dzietham et al. 2000). 
Explanations offered for the differing results 
include the variety of outcome measures used, 
study designs varying from controlled expo-
sures to tobacco smoke to reported smoking 
behavior in epidemiological cohorts, and the 
complexity of determinants of arterial stiffness 
(elastin, collagen, smooth muscle) and how 
these functional and structural aspects of the 
arteries may be affected by tobacco and air 
pollution exposure. Future work in the MESA 
cohort will examine associations of smoking 
with arterial stiffness using more sophisticated 
exposure measures such as cotinine levels and 
may shed light on the internally contradictory 
associations within MESA.
C1 can be said to reflect compliance in 
the larger arteries, and C2 compliance, of the 
smaller arteries [and therefore may provide 
some information on endothelial function, 
because their compliance depends less on 
elasticity and more on smooth muscle func-
tion, regulated by the endothelium (Tao et al. 
2004)], although evidence for C2 being a reli-
able indicator of endothelial function is mixed 
(Westhoff et al. 2007). C1 and C2 measure 
general arterial stiffness throughout the respec-
tive arterial pools and in this way differ from 
YM in the carotid artery, which is specific to a 
particular arterial location. Because the carotid 
is a large artery, it may not reflect small arte-
rial stiffness. Further, stiffness is not directly 
measurable in any particular small artery. The 
specific vascular measures we used are not the 
only ones available; for example, central mea-
sures (aortic) could have different associations.
Error in assigning environmental expo-
sure to participants is probable in this study 
and could be seen as a limitation. Indeed, one 
of the primary limitations is that we assessed 
exposure using PM mass alone and did not 
estimate associations with the constituent com-
ponents of the mass that may be most related 
to the health effects. Ambient PM tends to be 
a spatially homogeneous pollutant (Salmon 
et al. 1999), and background exposures are 
likely to be fairly well represented by ambient 
monitor measures (Sarnat et al. 2005), espe-
cially among MESA participants who reported 
spending 60% of their time at home or within 
2 km of their homes in the period before 
the baseline exam (Diez-Roux et al. 2006). 
However, the components and types of ambi-
ent particles (fine particles, traffic-associated 
particles) that may be most relevant to cardio-
vascular health are probably better measured at 
a smaller spatial scale. Planned future work in 
the MESA cohort will use time–activity diaries 
and additional fixed and person-level monitor-
ing to enhance exposure assessment, including 
evaluating particle components and the rel-
evance of different size fractions, and average 
long-term exposure modeling using distance 
to roadways and traffic counts may help us 
ascertain the validity of the findings presented 
here. The lack of clear, consistent effects of air 
pollution on the vascular outcomes we assessed 
in these MESA participants could be related to 
the fact that they were free of clinical cardio-
vascular disease when enrolled, but also could 
relate to limitations in the exposure metrics 
we used.
Conclusions
We evaluated long-term particle mass exposure 
in relation to three measures of arterial stiff-
ness measured at one point in time in a large, 
multi  ethnic sample with a substantial age 
Table 6. Percent difference (95% CI) in three arterial stiffness outcomes per 10-µg/m3 increment in 2001 PM exposure under various covariate adjustment 
schemes, stratified by study site: MESA, 2000–2002.
YM C1 C2
Outcome/covariates PM10 PM2.5 PM10 PM2.5 PM10 PM2.5
New York (n = 575)
PM (weather/season only)a –0.1 (–0.4 to 0.2) –0.9 (–2.9 to 1.1) –0.1 (–0.4 to 0.2) –0.9 (–2.9 to 1.1) –0.4 (–0.9 to 0.1) 0.6 (–2.8 to 4.2)
Add age, sex, race 0.0 (–0.3 to 0.2) –0.4 (–2.3 to 1.5) 0.0 (–0.3 to 0.2) –0.4 (–2.3 to 1.5) –0.2 (–0.7 to 0.3) 0.9 (–2.5 to 4.5)
All covariatesb  0.0 (–0.3 to 0.3) –0.3 (–2.2 to 1.6) 0.0 (–0.3 to 0.3) –0.3 (–2.2 to 1.6) –0.2 (–0.7 to 0.3) 0.8 (–2.6 to 4.3)
Chicago (n = 753)
PM (weather/season only)a 0.7 (–0.1 to 1.4) 0.9 (–1.9 to 3.7) –0.7 (–1.4 to –0.1) –2.6 (–4.8 to –0.3) –0.2 (–1.2 to 0.9) –0.4 (–4.0 to 3.4)
AAdd age, sex, race 0.9 (0.1 to 1.6) 1.7 (–1.0 to 4.5) –0.5 (–1.1 to 0.1) –1.5 (–3.7 to 0.8) –0.3 (–1.3 to 0.7) 0.8 (–2.7 to 4.5)
All covariatesb  0.7 (0.0 to 1.5) 1 (–1.7 to 3.8) –0.6 (–1.2 to 0.1) –1.8 (–4.0 to 0.5) –0.2 (–1.2 to 0.8) 1 (–2.5 to 4.7)
Winston-Salem (n = 720)
PM (weather/season only)a –0.1 (–3.0 to 3.0) –0.2 (–5.1 to 5.0) 1.1 (–0.7 to 2.9) 0.6 (–2.4 to 3.8) 1.3 (–1.5 to 4.1) –0.8 (–5.4 to 3.9)
Add age, sex, race 0.7 (–2.3 to 3.7) –2.0 (–6.7 to 3.0) 1.5 (–0.2 to 3.2) 0.6 (–2.2 to 3.4) 0.5 (–2.2 to 3.1) 0.5 (–3.8 to 5.1)
All covariatesb  0.6 (–2.3 to 3.5) –0.3 (–5.0 to 4.6) 1.6 (0.0 to 3.3) 0.6 (–2.1 to 3.5) 0.1 (–2.4 to 2.8) 0.7 (–3.6 to 5.2)
St. Paul (n = 705)
PM (weather/season only)a –0.8 (–1.8 to 0.2) 0.6 (–2.8 to 4.2) –0.2 (–0.9 to 0.6) 0.2 (–2.4 to 2.9) –0.5 (–1.7 to 0.7) 1.2 (–2.9 to 5.5)
Add age, sex, race –0.7 (–1.7 to 0.3) 1.5 (–1.9 to 5.0) 0.2 (–0.4 to 0.9) –1.5 (–3.7 to 0.8) –0.1 (–1.2 to 1.0) –1.5 (–5.2 to 2.3)
All covariatesb  –0.7 (–1.7 to 0.3) 1.7 (–1.6 to 5.2) 0.2 (–0.5 to 0.9) –1.6 (–3.8 to 0.7) –0.2 (–1.3 to 0.9) –1.6 (–5.3 to 2.2)
Los Angeles (n = 683)
PM (weather/season only)a 1.2 (–0.3 to 2.7) 0.4 (–0.7 to 1.5) 0.9 (–0.1 to 1.8) –0.7 (–1.4 to –0.1) 1.2 (–0.2 to 2.7) –0.7 (–1.8 to 0.3)
Add age, sex, race –0.1 (–1.9 to 1.8) 0.2 (–0.9 to 1.4) 0.2 (–0.9 to 1.3) –0.4 (–1.1 to 0.3) 0.2 (–1.4 to 1.9) –0.1 (–1.1 to 0.9)
All covariatesb  0.0 (–1.7 to 1.8) 0.0 (–1.1 to 1.1) 0.1 (–1.0 to 1.2) –0.4 (–1.1 to 0.3) 0.2 (–1.4 to 1.8) –0.3 (–1.3 to 0.7)
Baltimore (n = 560)
PM (weather/season only)a 1.1 (–0.4 to 2.7) 1.8 (–2.2 to 6.0) –1.3 (–2.3 to –0.3) –0.5 (–3.0 to 2.0) –1.2 (–2.7 to 0.3) 0.6 (–3.1 to 4.5)
Add age, sex, race 0.7 (–1.0 to 2.4) 1 (–2.9 to 5.0) –0.8 (–1.8 to 0.2) 0.2 (–2.1 to 2.7) 0.2 (–1.3 to 1.7) 1.5 (–2.0 to 5.2)
All covariatesb  0.7 (–0.9 to 2.4) 2.3 (–1.6 to 6.4) –0.6 (–1.6 to 0.4) 0.6 (–1.9 to 3.0) 0.5 (–1.0 to 2.0) 2.3 (–1.3 to 6.1)
Regression results reported as percent differences (95% CI) in outcome variables [100 × (exponentiated mean difference – 1)]. A positive point estimate for YM indicates greater arte-
rial stiffness with higher exposure; a negative point estimate for C1 and C2 indicates reduced compliance with higher exposure. Yearly average of PM concentrations taken from moni-
tor nearest the MESA participant’s residence in 2001. 
aWeather and season terms included in all models: apparent temperate spline with 3 degrees of freedom, interacted with site; and indicator variables to represent months with average 
monthly temperature above 10°C (50°F) during baseline recruitment period (all year for Los Angeles; May–October for Chicago and St. Paul; April–October for remaining three sites). 
bAll covariates for YM are age, sex, race, fasting blood glucose, triglycerides, diabetes, seated MAP, smoking status, pack-years, cigarettes per day, ETS exposure, physical activities, 
waist:hip ratio, season, and weather. For C1 and C2, in addition, height, weight, and heart rate were included.Air pollution and arterial stiffness in MESA
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range and extensive information on covariates. 
None of the measures was consistently associ-
ated with air pollution in this sample. This 
single study’s results do not rule out a relation-
ship between ambient air pollution exposure 
and chronic vascular changes. Indeed, the rela-
tively narrow inter- and intracity gradients in 
exposure and limitations in estimating these 
exposures, among other factors, may have con-
tributed to the null findings.
Further exploration, in both epidemiologi-
cal and toxicological studies, is needed regarding 
relations between higher pollution exposures 
and arterial stiffness outcomes. Exposure assess-
ments that provide a more complete picture 
of both the PM size fractions and components 
(e.g., metals and organics) relevant to cardio-
vascular health will also be helpful and will 
form part of an ancillary study of the MESA 
cohort. Analyses using both ultrasound and 
pulse-wave–derived indices within the same 
populations, of similar high quality as those we 
had available in MESA, and evaluating repeated 
measures of arterial stiffness within the same 
participants will be useful for understanding the 
full complexity of these relations.
RefeRences
Arnett DK, Evans GW, Riley WA. 1994. Arterial stiffness: a new 
cardiovascular risk factor? Am J Epidemiol 140(8):669–682.
Auchincloss AH, Roux AVD, Dvonch JT, Brown PL, Barr RG, 
Daviglus ML, et al. 2008. Associations between recent 
exposure to ambient fine particulate matter and blood 
pressure in the Multi-Ethnic Study of Atherosclerosis 
(MESA). Environ Health Perspect 116:486–491.
Bild DE, Bluemke DA, Burke GL, Detrano R, Diez-Roux AV, 
Folsom AR, et al. 2002. Multi-Ethnic Study of Atherosclerosis: 
objectives and design. Am J Epidemiol 156(9):871–881.
Brook RD, Brook JR, Urch B, Vincent R, Rajagopalan S, 
Silverman F. 2002. Inhalation of fine particulate air pollu-
tion and ozone causes acute arterial vasoconstriction in 
healthy adults. Circulation 105(13):1534–1536.
Cohn JN, Finkelstein S, McVeigh G, Morgan D, LeMay L, 
Robinson J, et al. 1995. Noninvasive pulse wave analysis 
for the early detection of vascular disease. Hypertension 
26(3):503–508.
Cohn JN, Quyyumi AA, Hollenberg NK, Jamerson KA. 2004. 
Surrogate markers for cardiovascular disease: functional 
markers. Circulation 109(25 suppl 1):IV31–IV46.
Diez-Roux AV, Auchincloss AH, Astor B, Barr RG, Cushman M, 
Dvonch T, et al. 2006. Recent exposure to particulate mat-
ter and C-reactive protein concentration in the Multi-Ethnic 
Study of Atherosclerosis. Am J Epidemiol 164(5):437–448.
Diez-Roux AV, Auchincloss AH, Franklin TG, Raghunathan T, 
Barr RG, Kaufman J, et al. 2008. Long-term exposure to ambi-
ent particulate matter and prevalence of subclinical athero-
sclerosis in the Multi-Ethnic Study of Atherosclerosis. Am J 
Epidemiol 167(6):667–675.
Din-Dzietham R, Liao D, Diez-Roux A, Nieto FJ, Paton C, 
Howard G, et al. 2000. Association of educational achieve-
ment with pulsatile arterial diameter change of the common 
carotid artery: the Atherosclerosis Risk in Communities 
(ARIC) study, 1987–1992. Am J Epidemiol 152(7):617–627.
Dockery DW, Pope CA III, Xu X, Spengler JD, Ware JH, Fay ME, 
et al. 1993. An association between air pollution and mor-
tality in six U.S. cities. N Engl J Med 329(24):1753–1759.
Duprez DA, Kaiser DR, Whitwam W, Finkelstein S, Belalcazar A, 
Patterson R, et al. 2004. Determinants of radial artery 
pulse wave analysis in asymptomatic individuals. Am J 
Hypertens 17(8):647–653.
Gamble G, Zorn J, Sanders G, MacMahon S, Sharpe N. 1994. 
Estimation of arterial stiffness, compliance, and distensi-
bility from M-mode ultrasound measurements of the com-
mon carotid artery. Stroke 25(1):11–16.
Ghio AJ, Kim C, Devlin RB. 2000. Concentrated ambient air parti-
cles induce mild pulmonary inflammation in healthy human 
volunteers. Am J Resp Crit Care 162(3 pt 1):981–988.
Glasser SP, Arnett DK, McVeigh GE, Finkelstein SM, Bank AJ, 
Morgan DJ, et al. 1997. Vascular compliance and cardio-
vascular disease: a risk factor or a marker? Am J Hypertens 
10(10 pt 1):1175–1189.
Gold DR, Litonjua A, Schwartz J, Lovett E, Larson A, Nearing B, 
et al. 2000. Ambient pollution and heart rate variability. 
Circulation 101(11):1267–1273.
Hinds WC. 1978. Size characteristics of cigarette smoke. Am 
Ind Hyg Assoc J 39(1):48–54.
Hoek G, Brunekreef B, Goldbohm S, Fischer P, van den 
Brandt PA. 2002. Association between mortality and indi-
cators of traffic-related air pollution in the Netherlands: a 
cohort study. Lancet 360(9341):1203–1209.
Kool MJ, Hoeks AP, Struijker Boudier HA, Reneman RS, 
Van Bortel LM. 1993. Short- and long-term effects of smok-
ing on arterial wall properties in habitual smokers. J Am 
Coll Cardiol 22(7):1881–1886.
Künzli N, Jerrett M, Mack WJ, Beckerman B, LaBree L, Gilliland F, 
et al. 2005. Ambient air pollution and athero  sclerosis in Los 
Angeles. Environ Health Perspect 113:201–206.
Levenson J, Simon AC, Cambien FA, Beretti C. 1987. Cigarette 
smoking and hypertension. Factors independently asso-
ciated with blood hyperviscosity and arterial rigidity. 
Arteriosclerosis 7(6):572–577.
Li H, Srinivasan SR, Chen W, Xu J-H, Li S, Berenson GS. 2005. 
Vascular abnormalities in asymptomatic, healthy young adult 
smokers without other major cardiovascular risk factors: the 
Bogalusa Heart Study. Am J Hypertens 18(3):319–324.
Liang Y-L, Shiel LM, Teede H, Kotsopoulos D, McNeil J, 
Cameron JD, et al. 2001. Effects of blood pressure, smok-
ing, and their interaction on carotid artery structure and 
function. Hypertension 37(1):6–11.
Liao D, Arnett DK, Tyroler HA, Riley WA, Chambless LE, Szklo M, 
et al. 1999. Arterial stiffness and the development of hyper-
tension. The ARIC study. Hypertension 34(2):201–206.
Liao D, Duan Y, Whitsel EA, Zheng ZJ, Heiss G, Chinchilli VM, 
et al. 2004. Association of higher levels of ambient criteria 
pollutants with impaired cardiac autonomic control: a 
population-based study. Am J Epidemiol 159(8):768–777.
Mack WJ, Islam T, Lee Z, Selzer RH, Hodis HN. 2003. 
Environmental tobacco smoke and carotid arterial stiff-
ness. Prev Med 37(2):148–154.
Mahmud A, Feely J. 2003. Effect of smoking on arterial stiff-
ness and pulse pressure amplification. Hypertension 
41(1):183–187.
Malhotra R, Williams GH, Lilly LS. 2003. Hypertension. In: 
Pathophysiology of Heart Disease: A Collaborative Project 
of Medical Students and Faculty. 3rd ed (Lilly LS, ed). 
Baltimore, MD:Lippincott Williams & Wilkins, 289–310.
Meaume S, Benetos A, Henry OF, Rudnichi A, Safar ME. 2001. 
Aortic pulse wave velocity predicts cardiovascular mortal-
ity in subjects > 70 years of age. Arterioscler Thromb Vasc 
Biol 21(12):2046–2050.
Mitchell GF, Gueo C-Y, Benjamin EJ, Larson MG, Keyes MJ, 
Vita JA, et al. 2007. Cross-sectional correlates of increased 
aortic stiffness in the community: the Framingham Heart 
Study. Circulation 115(20):2628–2636.
National Oceanic and Atmospheric Administration. (2003). 
National Climatic Data Center. Protecting the Past, 
Revealing the Fugure. Available: http://www.ncdc.noaa.
gov/oa/ncdc.html [accessed 1 November 2003].
O’Rourke MF, Mancia G. 1999. Arterial stiffness. J Hypertens 
17(1):1–4.
O’Rourke MF, Staessen JA, Vlachopoulos C, Duprez D, Plante 
GE. 2002. Clinical applications of arterial stiffness; defini-
tions and reference values. Am J Hypertens 15(5):426–444.
Oliver JJ, Webb DJ. 2003. Noninvasive assessment of arterial 
stiffness and risk of atherosclerotic events. Arterioscler 
Thromb Vasc Biol 23(4):554–566.
Pannier B, Guerin AP, Marchais SJ, Safar ME, London GM. 
2005. Stiffness of capacitive and conduit arteries: prog-
nostic significance for end-stage renal disease patients. 
Hypertension 45(4):592–596.
Park SK, Auchincloss AH, O’Neill MS, Prineas R, Correa JC, 
Keeler J, et al. 2010. Particulate air pollution, metabolic 
syndrome, and heart rate variability: the Multi-Ethnic 
Study of Atherosclerosis (MESA). Environ Health Perspect 
118:1406–1411.
Peters A, Fröhlich M, Döring A, Immervoll T, Wichmann HE, 
Hutchinson WL, et al. 2001. Particulate air pollution 
is associated with an acute phase response in men; 
results from the MONICA-Augsburg Study. Eur Heart J 
22(14):1198–1204.
Pope CA III, Burnett RT, Thun MJ, Calle EE, Krewski D, Ito K, 
et al. 2002. Lung cancer, cardiopulmonary mortality, and 
long-term exposure to fine particulate air pollution. JAMA 
287(9):1132–1141.
Pope CA III, Burnett RT, Thurston GD, Thun MJ, Calle EE, 
Krewski D, et al. 2004. Cardiovascular mortality and long-
term exposure to particulate air pollution: epidemiological 
evidence of general pathophysiological pathways of dis-
ease. Circulation 109(1):71–77.
Raghunathan TE, Diez-Roux AV, Chen W. 2006. Predicting cumu-
lative particulate matter exposure using space-time models 
and historical monitor data [Abstract]. Epidemiology 17(6 
suppl):S250.
Riley WA, Barnes RW, Evans GW, Burke GL. 1992. Ultrasonic 
measurement of the elastic modulus of the common carotid 
artery. The Atherosclerosis Risk in Communities (ARIC) 
study. Stroke 23(7):952–956.
Rowe JW. 1987. Clinical consequences of age-related impair-
ments in vascular compliance. Am J Cardiol 60(12):68G–71G.
Salmon LG, Cass GR, Pedersen DU, Durant JL, Gibb R, Lunts A, 
et al. 1999. Determination of Fine Particle and Coarse 
Particle Concentrations and Chemical Composition in the 
Northeastern United States. Boston, MA:North East States 
for Coordinated Air Use Management.
Salomaa V, Riley W, Kark JD, Nardo C, Folsom AR. 1995. Non-
insulin-dependent diabetes mellitus and fasting glucose 
and insulin concentrations are associated with arterial 
stiffness indexes. The ARIC Study. Atherosclerosis Risk in 
Communities Study. Circulation 91(5):1432–1443.
Sarnat JA, Brown KW, Schwartz J, Coull BA, Koutrakis P. 2005. 
Ambient gas concentrations and personal particulate mat-
ter exposures: implications for studying the health effects 
of particles. Epidemiology 16(3):385–395.
Sharrett AR, Ding J, Criqui MH, Saad MF, Liu K, Polak JF, 
et al. 2006. Smoking, diabetes, and blood cholesterol dif-
fer in their associations with subclinical atherosclero-
sis: the Multiethnic Study of Atherosclerosis (MESA). 
Atherosclerosis 186(2):441–447.
Simons P, Bots M, Algra A, van Teeffelen A, van der Graaf Y. 
1998. Effect of timing of blood pressure measurement in 
the assessment of arterial stiffness: the SMART Study. 
Ultrasound Med Biol 24(9):1285–1289.
Smulyan H, Asmar RG, Rudnicki A, London GM, Safar ME. 
2001. Comparative effects of aging in men and women 
on the properties of the arterial tree. J Am Coll Cardiol 
37(5):1374–1380.
Stefanadis C, Vlachopoulos C, Tsiamis E, Diamantopoulos L, 
Toutouzas K, Giatrakos N, et al. 1998. Unfavorable effects 
of passive smoking on aortic function in men. Ann Int Med 
128(6):426–434.
Tanaka H, Safar ME. 2005. Influence of lifestyle modification on 
arterial stiffness and wave reflections. Am J Hypertension 
18(1):137–144.
Tao J, Jin YF, Yang Z, Wang LC, Gao XR, Lui N, et al. 2004. 
Reduced arterial elasticity is associated with endothelial 
dysfunction in persons of advancing age: comparative 
study of noninvasive pulse wave analysis and laser Doppler 
blood flow measurement. Am J Hypertens 17(8):654–659.
U.S. Environmental Protection Agency. 2003. Air Quality 
Planning and Standards. Available: http://www.epa.gov/
oar/oaqps/ [accessed 1 November 2003].
Westhoff TH, Schmidt S, Vallbracht-Israng K, Yildirim H, 
Franke N, Dimeo F, et al. 2007. Small artery elasticity 
assessed by pulse wave analysis is no measure of endothe-
lial dysfunction. J Hypertens 25(3):571–576.
Zanobetti A, Canner MJ, Stone PH, Schwartz J, Sher D, Eagan-
Bengston E, et al. 2004. Ambient pollution and blood 
pressure in cardiac rehabilitation patients. Circulation 
110(15):2184–2189.